1. Introduction {#sec1-sensors-20-00383}
===============

Detectors based on direct converting semiconductors have been used for the detection of X-ray and gamma rays for more than a decade \[[@B1-sensors-20-00383],[@B2-sensors-20-00383]\]. Due to a wide bandgap of 1.5 eV at 300 K, excellent electron transport properties, high density, and low leakage current, CdZnTe is currently considered a suitable candidate for high-efficiency, energy-resolved X-ray photon counting applications, including computed industrial gauging, transportation security, medical and industrial imaging, and others \[[@B3-sensors-20-00383],[@B4-sensors-20-00383],[@B5-sensors-20-00383],[@B6-sensors-20-00383],[@B7-sensors-20-00383]\]. There is a growing interest in the potentials of pulse mode CdZnTe detector technology for high-flux, multi-energy binning imaging. Applications such as medical imaging (computed tomography), need the capability to detect a photon flux in the order of hundred million mm^−2^s^−1^, or higher \[[@B8-sensors-20-00383],[@B9-sensors-20-00383]\]. Such a detector is still a challenge because of the "polarization" effect \[[@B10-sensors-20-00383],[@B11-sensors-20-00383],[@B12-sensors-20-00383]\]. The polarization effect is closely related to hole transport performance \[[@B13-sensors-20-00383]\]. At high incident X-ray flux, the build-up of space charge formed by trapped holes within the crystals produces an internal electric field which acts to oppose the externally applied voltage. Eventually, the effective field across the device is significantly reduced, and even complete collapsed in extreme conditions. Such polarization phenomena can cause a significant reduction in signal amplitude, hence the signal amplitude falls below the detection threshold which results in catastrophic device failure \[[@B14-sensors-20-00383]\]. Therefore, a clear understanding of the charge transport properties of CdZnTe photon counting detectors, and determining their operating conditions (i.e., applied voltage), is essential for future high-flux applications. Most experiments and theoretical calculations were done focusing on the study of electric field distortion across the device and its effect on the carrier collection efficiency under high flux conditions \[[@B13-sensors-20-00383],[@B15-sensors-20-00383],[@B16-sensors-20-00383]\]. However, there has been less research on the coupling relationship between X-ray photocurrent response and the photon counting performance of CdZnTe detectors.

In this work, we explored the influence of intense X-ray irradiation on the performance of linear array 1 × 16-pixel CdZnTe photon counting detectors operated in different applied biases. The focus of the experiments was on the X-ray photocurrent response of the detector under different flux conditions. The underlying relationship among photon counting performance, X-ray photocurrent response, and carrier transport properties of CdZnTe detectors under high flux X-ray irradiation was analyzed. Based on these results, a simple method to evaluate the minimum required applied bias of CdZnTe detectors under a certain X-ray dose was proposed, without bonding them to the complicated application-specific integrated circuit (ASIC) readout system. This provided an effective method for the screening and grading of CdZnTe photon counting detector crystals and the determination of detector operating conditions.

2. Experimental Section {#sec2-sensors-20-00383}
=======================

The linear array 1 × 16-pixel photon counting detectors were fabricated from 16.6 mm × 4.4 mm × 2 mm CdZnTe single crystals grown by the modified vertical Bridgman method from Imdetek Ltd. The mobility-lifetime products of electrons and holes in the CdZnTe detector were 1.90 × 10^−3^ cm^2^V^−1^ and 3.73 × 10^−5^ cm^2^V^−1^ respectively, obtained by fitting the γ-ray energy spectra under different bias voltages using the Hetch equation. The device structure is shown in [Figure 1](#sensors-20-00383-f001){ref-type="fig"}a,b. The anode of the CdZnTe detector was fabricated with 0.9 mm × 1.8 mm area pixels forming a 1 × 16 array with a 0.1 mm pitch. The charge sharing effect can be ignored due to the suitable electrode structure \[[@B17-sensors-20-00383]\]. The pixel array was surrounded by a guard electrode to eliminate possible side-surface leakage current and electric-field distortion effects. The detector cathode was prepared with a planar electrode. All electrodes were deposited by vacuum evaporation with Au. The CdZnTe detector pixel anodes were assembled 1:1 on dedicated printed circuit boards that enabled reliable probe testing of the device and facilitated the bonding of the device to a readout chip. The photon counting rate was obtained through a 16-channel application-specific integrated circuit (ASIC) readout system known as the MXA-L256P, developed by Imdetek Ltd., as shown in [Figure 1](#sensors-20-00383-f001){ref-type="fig"}c. This ASIC readout system was sufficiently fast and accurate to enable the processing of 10^6^ signals without significant count-rate degradation caused by pile-up effects, which means that pulse signals with a time interval greater than 1 μs could be resolved. Counting rate data were recorded with a detection threshold of 20 (\~30 keV) to eliminate the interference of electronics noise on experimental results. The system temperature was controlled at 32 °C using a Hp-1320p thermostat. The measurement system contained an X-ray source (Spellman XRB011), and its tube current could be adjusted from 0 to 0.6 mA at a selected fixed tube voltage ranging from 40 to 80 kV. The X-ray dose increased linearly with the increasing tube current of the X-ray source. The distance of detectors and the X-ray source was 45 mm. The dose rate and tube current satisfied the conversion formula of y = 710.2× in this study and x, y represent the tube current (mA) and dose rate (μGy/s). The X-ray beam was collimated to the cathode area of the detectors and the detectors were side shielded to prevent scatter events. A Keithley 6517b electrometer was used to measure X-ray photocurrent I-V and I-t curves.

3. Results and Discussion {#sec3-sensors-20-00383}
=========================

3.1. X-ray Photon Counting Response {#sec3dot1-sensors-20-00383}
-----------------------------------

Over 100 CdZnTe photon counting detectors were tested for the experimental study. The X-ray tube voltage was set to 80 kV and the tube current varied from 0 mA to 0.6 mA. [Figure 2](#sensors-20-00383-f002){ref-type="fig"}a shows typical results of the counting response to increasing X-ray flux for nine different bias voltages. At a relatively low bias voltage (below 450 V), as the X-ray dose gradually increases, the count rate curve first increases linearly and then deviates from linearity. When the incident dose increases to a certain value (critical flux), the count rate begins to decrease. It is estimated that the rise time of the pulse signal is about 200 ns at 200 V bias when the thickness of the detectors is 2 mm, and the electron mobility is considered to be 1000 cm^2^V^−1^s^−1^. The value of the rise time of the pulse signal was far less than 1 μs, which indicated that the decrease in the counting rate was not caused by the dead time of the detector. The reduction of count rate is due to detector polarization. This indicated that the trapping of charge carriers generated by X-ray photons, which formed a space charge region in the CdZnTe crystals, resulted in the deterioration of photon counting performance.

At high bias (above 450 V), the count rate increases linearly and then gradually approaches saturation value, which is mainly limited by the pulse pile-up effect and the electronics dead time of the readout system. These results indicate that increasing the applied bias of CdZnTe detectors can improve the carrier collection efficiency (CCE), thereby increasing the pulse signal amplitude. When the pulse signal amplitude is higher than the signal threshold of the readout electronics, the detector count rate increases. This is shown in [Figure 2](#sensors-20-00383-f002){ref-type="fig"}a as an increase in the slope of the linear region of the count rate curve with increasing applied bias.

To further illustrate the relationship between applied bias and count rate response, the critical flux was measured as a function of the applied bias. [Figure 2](#sensors-20-00383-f002){ref-type="fig"}b shows the fit results of experimental critical flux vs. the applied voltage in an approximate quadratic dependence (b ≈ 1.845), which is in good agreement with Derek Bale's theoretical predictions \[[@B16-sensors-20-00383]\]. $$\left. \mathsf{\Phi}_{crit}^{} \right.\sim\frac{A\varepsilon V^{2}}{qL{(\lambda\beta)}^{2}}\left( \frac{\mu_{h}\tau_{h}}{\tau_{h} + \tau_{dtrap}} \right)$$ $$\beta = 1 - e^{- L/\lambda}$$ where, the parameter *V* is the applied bias, *τ~dtrap~* is residence time of holes in hole traps, *μ~h~τ~h~* represents mobility-lifetime product of holes, *A, L, ε, q* are the detector area, thickness, the dielectric constant, and the elementary charge, respectively. *λ* is the characteristic length scale where a photon travels before interacting with the CdZnTe detectors. Increasing the detectors' applied bias can improve the critical flux and change the detector from a "polarized state" to a "non-polarized state". This indicates that the charge generated by X-ray irradiation is removed from the detector by drift and recombination at a sufficiently high rate. However, excessive applied bias voltage can lead to large leakage current, which places a burden on the ASIC readout electronics \[[@B18-sensors-20-00383]\]. Based on the above analysis, CdZnTe photon counting detectors should work in a proper bias range and there is a minimum required bias voltage to keep the detectors operating in the "non-polarized state".

3.2. X-ray Photocurrent Response {#sec3dot2-sensors-20-00383}
--------------------------------

In order to study the relationship among photon counting performance, applied bias, and carrier transport properties of CdZnTe detectors under high flux X-ray irradiation, I-V curves were measured at different tube currents, as shown in [Figure 3](#sensors-20-00383-f003){ref-type="fig"}a. The X-ray tube voltage was set to 80 kV and the tube current varied from 0 mA to 0.6 mA. A "valley region" was observed in the X-ray photocurrent curve at all tube currents---the "valley region" was closely related to carrier transport properties under high flux irradiation. In the "valley region" bias range, the X-ray photocurrent first increases rapidly with the increase of applied bias voltage---after the "valley bottom" the photocurrent appears to decrease. The position of the "valley region" is closely related to the dose of X-ray radiation. As the tube current increases, the position of the "valley region" moves towards the high bias direction. The data point marked by the arrow in [Figure 3](#sensors-20-00383-f003){ref-type="fig"}a corresponds to the approximately lowest bias voltage on the left side of the "valley region". Compared with the count rate curves shown in [Figure 2](#sensors-20-00383-f002){ref-type="fig"}a, we conclude that the applied bias should be set on the left of the "valley region", i.e., the high bias direction to keep the detectors operating in a "non-polarized state". [Figure 3](#sensors-20-00383-f003){ref-type="fig"}b shows the minimum required bias voltage for the CdZnTe detector at different X-ray doses. The bias voltage data obtained from [Figure 3](#sensors-20-00383-f003){ref-type="fig"}a fit well with the data obtained from the count rate curve (see [Figure 2](#sensors-20-00383-f002){ref-type="fig"}b). Based on the above analysis, we could determine the minimum required bias for CdZnTe detectors under a certain X-ray dose, and evaluate the critical flux when CdZnTe detectors operate at a certain applied bias by simply testing the X-ray I-V curve.

In order to gain understanding of the mechanism of the "valley region", the X-ray I-t curves were measured at three typical bias voltages (−600 V, −400 V, and −200 V), as shown in [Figure 4](#sensors-20-00383-f004){ref-type="fig"}.

At −600 V bias, the X-ray I-t curve exhibits uniform steps when changing the X-ray flux, and the photocurrent remains stable at any tube current, as shown in [Figure 4](#sensors-20-00383-f004){ref-type="fig"}a. The contribution of the hole drift to photocurrent is negligible due to the short drift distance and the low mobility-lifetime product. In the simplest acceptable model, the photo-generated electrons are assumed to be homogeneously distributed in the detectors and the lifetime of photo-generated electrons is long, so the effect of capture and recombination can be ignored. The X-ray photons are almost completely absorbed at the cathode of the detector. The X-ray photocurrent can be described by both Formula (3) and Formula (4). $$I = \Delta nq\mu_{e}ES$$ $$\Delta n = ~~~\sum\limits_{1}^{i = n}\left\lbrack {h~\upsilon_{i}} \right\rbrack~\frac{\eta t}{E_{pair}}$$ where $\Delta n$ is photo-generated electron density at steady state, and where *q*, $\mu_{e}$, *E*, *S* are electron charge, electron mobility, effective electric field strength, and electrode area respectively. $h\ ,\ \upsilon$ are Planck constant and frequency. $\sum\limits_{1}^{i = n}\left\lbrack {h\ \upsilon^{i}} \right\rbrack$ represents the total X-ray energy deposited to the detector per unit time. The $\eta$, *t*, $E_{pair}$ are quantum efficiency, transit time of photo-generated electrons, and the energy required to form an electron-hole pair, respectively. $I$ is proportional to $\Delta n$ and $\Delta n$ is proportional to $\sum\limits_{1}^{i = n}\left\lbrack {h\ \upsilon^{i}} \right\rbrack$, which indicates that the photocurrent increases in proportion to the increase of the tube current when the tube voltage is fixed.

The X-ray I-t curve at −400 V applied bias can be divided into two stages, as shown in [Figure 4](#sensors-20-00383-f004){ref-type="fig"}b. The I-t curve exhibits uniform steps in stage 1 similar to [Figure 4](#sensors-20-00383-f004){ref-type="fig"}a. In stage 2, a non-linear increase of the height of the photocurrent step was observed when the tube current exceeded 0.45 mA and the detector began to shift to a "polarized state". This phenomenon may be explained by a so-called photoconductive gain mechanism \[[@B19-sensors-20-00383],[@B20-sensors-20-00383]\]. When relatively low bias voltage (−400 V) was applied on the detector, the photo-generated holes can be easily captured by deep level traps near the cathode due to their poor mobility-lifetime product. With an increase in the X-ray dose, the positive space charges formed by the captured holes can be sufficient in density to reduce the width and the height of the Schottky barrier at the cathode. Thus, the electric field near the cathode is much higher than that across the detector \[[@B21-sensors-20-00383]\]. In this case, thermal electrons immediately move across the barrier to satisfy charge conservation and constitute current, which indicates that the increasing injected electrons in the detector results in photocurrent gain. This effect may occur through field-dependent tunneling, thermionic emission, or a combination of both.

At −200 V bias, the X-ray I-t curve can be divided into three stages, as shown in [Figure 4](#sensors-20-00383-f004){ref-type="fig"}c. Stage 1 and stage 2 are similar to [Figure 4](#sensors-20-00383-f004){ref-type="fig"}b. In stage 3, a non-linear decrease of the photocurrent step is observed when the tube current changes to 0.25 mA. The X-ray I-t curve exhibits uniform steps as the tube current continues to increase. The height of the photocurrent step is lower than that in stage 1 in [Figure 4](#sensors-20-00383-f004){ref-type="fig"}c. Electric field distortion may be the main cause of this phenomenon. At a lower bias voltage, the rate of electron--hole generation by the X-ray photons can exceed the removal rate of charge by drift and recombination. The space charge formed by the trapped holes near the cathode can distort the electric field, thus the effective electric field strength of the detector decreases. This leads to a reduction in the height of the photocurrent step, even if a photoconductive gain mechanism exists. As the X-ray dose increases, the concentration of trapped holes near the cathode tends to be saturated, and the effective electric field strength of the detector gradually approaches a stable value that is responsible for the uniform photocurrent steps in stage 3. An obvious shake occurs in the photocurrent curve when the tube current exceeds 0.25 mA. This may be due to the rapid generation and recombination of photo-generated electrons and holes under distorted electric field conditions.

The typical X-ray I-V curve can be simply divided into three regions, as shown in [Figure 5](#sensors-20-00383-f005){ref-type="fig"}. In region I, on the relatively high bias, the X-ray I-V curve follows Formula (3) and the detector operates in a "non-polarized" state. In region II, the X-ray I-V curve is dominated by the photoconductive gain process---the detector gradually changes to the "polarized state" as the applied bias decreases and the count rate of the detector gradually reduces. In region III, the trapped holes near the cathode tend to be saturated at low bias. The detectors tend to be totally polarized due to severe distortion of the electric field and the count rate is almost zero. Based on the above analysis, the working state of the CdZnTe photon counting detector can be judged by analyzing the shape of the X-ray I-V curve.

4. Conclusions {#sec4-sensors-20-00383}
==============

The photon counting properties of linear array 1 × 16-pixel CdZnTe detectors operated at different applied bias were studied. The experimental critical flux vs. applied voltage is in an approximate quadratic dependence (b ≈ 1.845). The X-ray photocurrent response characteristics of CdZnTe detectors are closely related to photon counting performance. The working state of CdZnTe photon counting detectors can be determined by analyzing X-ray I-V curves. The typical X-ray I-V curve can be divided into three regions according to the carrier transport characteristics. In region I, the CdZnTe photon counting detector works in a "non-polarized state" and the X-ray I-V curve can be described by Formula (3). In region II, the detector gradually polarized and the count rate began to decrease as the applied bias decreased. The X-ray photocurrent could be explained by the photoconductive gain mechanism. In region III, the detector tended to be totally polarized due to a severe distortion of the electric field, and the count rate was almost zero. The critical flux could be improved and the detector transformed from a "polarized state" to a "non-polarized state" by increasing the applied bias, and the applied bias could be set in the range of region I of the X-ray I-V curve to keep CdZnTe photon counting detectors working in the "non-polarized state".
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![(**a**) Anode structure of linear array 1 × 16-pixel CdZnTe detectors; (**b**) packaging structure of CdZnTe photon counting detectors; (**c**) MXA-L256P readout system equipped with 8 CdZnTe photon counting detectors.](sensors-20-00383-g001){#sensors-20-00383-f001}

![(**a**) Count rate performance of a typical pixel as a function of applied bias; (**b**) fit result of critical flux vs. applied bias.](sensors-20-00383-g002){#sensors-20-00383-f002}

![(**a**) I-V curve of a typical pixel at different tube current; (**b**) Minimum required bias voltage data obtained by count rate curve (see [Figure 2](#sensors-20-00383-f002){ref-type="fig"}a) and by X-ray photocurrent curve (**a**).](sensors-20-00383-g003){#sensors-20-00383-f003}

![The X-ray photocurrent vs. time at the: (**a**) −600 V, (**b**) −400 V, (**c**) −200 V applied bias. The tube current varied from 0 mA to 0.6 mA, stepping 0.05 mA per 100 s. The X-ray tube voltage was set at 80 kV.](sensors-20-00383-g004){#sensors-20-00383-f004}

![The typical X-ray photocurrent response of CdZnTe photon counting detectors. The tube current is 0.6 mA, the X-ray tube voltage was set to 80 kV.](sensors-20-00383-g005){#sensors-20-00383-f005}
